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Professional and colloquial sleep hygiene guidelines advise against evening physical
activity, despite meta-analyses of laboratory studies concluding that evening exercise
does not impair sleep. This study is the first to investigate the association between
objectively measured evening physical activity and sleep within a real-world big-data
sample. A total of 153,154 nights from 12,638 individuals aged 18-60 years (M = 40.1
SD = 10.1; 44.5% female) were analyzed. Nighttime sleep and minutes of physical
activity were assessed using Polar wearable devices for 14 consecutive days. Thirty
minutes or more of moderate-to-near maximal physical activity during the 3h before
sleep onset were recorded in 12.4% of evenings, and were more frequent on weekdays
than weekends (13.3 vs. 10.2% respectively, p < 0.001). Linear mixed modeling revealed
that sleep efficiency was not significantly associated with evening physical activity, and
that sleep duration was 3.4 min longer on average on nights following evenings in
which participants engaged in 30 min or more of moderate-intense physical activity.
Effects were found for sleep timing metrics, as evening physical activity was linked with
earlier sleep onset and offset times (—13.7 and —9.3 min, respectively). Overall, these
effects were greater— but still very small- on weekdays compared to weekends. The
present study provides further evidence for the lack of meaningful links between sleep
duration or quality and physical activity in the hours preceding sleep. Taken together
with recent meta-analytic findings, these findings suggest that changes in public health
recommendations are warranted regarding evening physical activity and its relation
to sleep.

Keywords: physical activity, evening exercise, sleep hygiene, sleep quality, sleep duration, big-data

INTRODUCTION

Sleep and exercise are both imperative for physical and mental health (1-3). Yet, to promote healthy
sleep, long-standing guidelines have advised against evening exercise. For example, the American
Sleep Association’s “Sleep Hygiene Tips” include exercising before 2 P.M., and avoiding rigorous
exercise before bedtime (4). Such recommendations have been based on the premise that the
elevation of core body temperature and increase in physiological arousal resulting from evening
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physical activity (PA), can delay the circadian rhythm and disrupt
sleep (5, 6). However, in modern society, allocating time for
exercise early in the day may be highly challenging. In a nationally
representative survey of 15,239 Europeans, the most commonly
endorsed barrier to increase PA was work or study commitments
(7). Hence, discouraging evening PA may come at the high cost
of reducing overall PA for individuals who otherwise would have
engaged in exercise later in the day.

Research to date has yielded mixed findings with regards
to the effects of evening PA on sleep. Several studies have
reported increased sleep onset latency (SOL) following evening
exercise [e.g., (8)], whilst other studies found null [e.g., (9)] or
positive [e.g., (10)] effects on sleep. A meta-analysis synthesizing
data from 23 experimental studies of evening PA on sleep
found no difference in SOL, sleep efliciency (SE), total sleep
time (TST), or subjective sleep quality when compared to
no-exercise (11). Despite some indication for increased SOL
following intense PA performed very close to bedtime, the
authors concluded that evening exercise does not impair sleep
(11). These conclusions are consistent with a slightly earlier
meta-analysis, which compared the effects of acute moderate-
to-vigorous PA performed >8, 3-8, and <3 h before bedtime,
revealing no differences in SOL, SE, or TST as a function of PA
timing (12).

Complimentary to experimental studies, epidemiologic
studies can provide large-scale, ecologically valid information
about the links between evening PA and sleep. In the largest
survey study to date, Buman et al. (13) examined these links in
1000 US adults, and found no differences in reported TST, SOL,
sleep quality or the experience of waking unrefreshed between
individuals that habitually engage in moderate or vigorous
exercise in the evenings and non-exercisers. Importantly, 23%
of participants engaged in moderate or vigorous evening PA,
and most of those believed that their sleep was of equal or better
quality (97%) and of equal or longer duration (98%) following
evening exercise. This investigation provided further evidence
for the need to reconsider guidelines discouraging evening PA.
However, it was based on retrospective reporting of both exercise
and sleep, and thus subject to social and recall biases (14).

The increasing prevalence of commercially-available wearable
devices allows for exploration of naturalistic objective sleep and
PA measures in big-data samples (15, 16). To the best of our
knowledge, thus far only one study has used big-data to evaluate
the links between sleep and PA performed during the day,
yet the links between sleep and evening PA were not assessed
(17). Therefore, the main aim of the present study was to
evaluate the associations between accelerometer-measured sleep
and moderate to intense PA in the 3h before bedtime in a
real-world big-data sample.

A further aim of the present study was testing whether
the association between sleep and evening PA is moderated
by their timing within the week. Previous investigations have
examined the moderating effects of various factors, including
the type, duration, and intensity of exercise (11, 12). Whether
the association of evening PA and sleep differs on weekdays
vs. weekends, however, has yet to be explored. Being strongly
affected by social factors and daily schedules, both sleep and

PA patterns may vary as a function of their timing within the
week. Previous work has demonstrated delayed sleep timing and
increased sleep duration on free days compared to workdays
(15, 18-20). PA patterns have also been shown to vary throughout
the week, with some individuals demonstrating a “weekend
warrior” pattern, in which most or all of weekly PA is performed
on weekends (21). A recent study exploring time use patterns
of young adults in the 3h before bed revealed vast individual
differences in the type and duration of activities endorsed, but
did not examine whether these activities differ on weekdays
vs. weekends (22). Using objective assessment of PA and
sleep patterns across multiple days, the present study aimed
to evaluate whether evening PA patterns were equivalent on
weekdays compared to weekdays, and whether the association
between evening PA and sleep metrics varied between weekdays
and weekends.

MATERIALS AND METHODS

Participants and Procedures

Data from a total of 12,638 individuals aged 18-60 years (M
= 40.1 SD = 10.1; 44.5% female) were included in this study.
Data were obtained between January 2018 and December 2018.
When taking their Polar watches into use, users agreed that their
Polar data could be used for Polar research and development
purposes. Polar researchers handled the data anonymously and
performed the statistical analysis for this study inside the
company. Randomly selected individuals were included in the
sample if they had two consecutive weeks of available sleep and
physical activity data, as well as complete demographic data,
including age, gender, height, weight, and country of residence.
Nights of sleep assessment were considered available if the
duration of time from sleep onset to offset was between 4 and
13 h, and the total (true) sleep duration was between 3 and 13 h.
Days of physical activity assessment were considered available
if the device was worn for >10h of wakefulness per 24-h day.
Height and weight were used to compute a BMI score for each
participant (Range: 15-45; M = 25.7 SD = 4.1).

Measures

Nighttime sleep and physical activity in the 3h before sleep
onset were assessed using Polar devices (models A370, M430,
M600, Vantage V, and Vantage M). These wrist-worn devices all
use validated proprietary algorithms to automatically translate
biosignals into PA and sleep-wake metrics (23, 24). PA tracking
fuses acceleration and heart rate data, and sleep-wake detection
utilizes acceleration data only. For the purpose of the present
study, derived sleep metrics included sleep onset time, sleep offset
time, total sleep duration (calculated as the duration of time
between sleep onset and offset, excluding wakefulness within that
period), and sleep efficiency (calculated as the percent of total
sleep duration out of the duration of time between sleep onset
and offset).

Physical activity levels were quantified per 30s epochs and
classified into one of the following categories: (1) sedentary or
very light physical activity, with Metabolic Equivalent of Task
(MET) values <2; (2) light physical activity, with MET values
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FIGURE 1 | Average minutes of physical activity per 30-min in the 3 h leading up to sleep onset on weekday evenings (A) and weekend evenings (B).

between 2 and 2.95; (3) moderate physical activity, with MET
values between 2.95 and 5.95; (4) vigorous physical activity, with
MET values between 5.95 and 8.75; or (5) near maximal physical
activity, with MET values >8.75 (25). Epochs were then summed
per PA category across 30-min periods within the 3 h before sleep
onset. Finally, mins of moderate, vigorous, and near maximal
PA were summed across the 3 h before sleep onset, and a binary
measure was created, categorizing nights into either having <30
or >30 min of moderate to near maximal PA within the 3 h before
sleep onset.

Data Analysis Plan

Data processing was performed in Python (v3.8.5) and R (v4.1.0)
using RStudio (v1.4.1717). Outlier sleep values (& 3SD from the
mean) were excluded, as were evening PA values in which the
device was not worn for the entire 3h before sleep onset, and
there were <30 min of moderate to near maximal PA within
that period. This resulted in exclusion of 13.4% of individual
evenings/nights, bringing the average number of evenings/nights
per participant to 12.1, and the total number of analyzed
evenings/nights to 153,154.

We computed Pearson correlations between each sleep
metric and minutes of moderate-to-near maximal PA in the
six 30-min time slots leading up to sleep onset. These were
computed separately for weekdays and weekends. Linear mixed
models were used to compare sleep after evenings with over
and under 30 min of moderate-to-near maximal PA during
the 3 h before bedtime. Mixed modeling considers all available
data points, accounts for the nested nature of the data (ie.,
multiple evenings/nights nested within participant), and can
include random- in addition to fixed- effects. Models were

computed using the “Ime4” package (26). Model terms included
PA (<30 vs. >30min of moderate to near maximal physical
activity within the 3h before sleep onset), controlling for
participant age, gender, BMI, and weekend (vs. weekday).
PA-by-weekend interaction terms were then added to each
model, to test whether the association between PA and sleep
varied between weekdays and weekends. Models including
random slopes yielded significantly lower deviance compared
to those excluding them, and are thus reported. P-values were
computed using Satterhwaite’s method, obtained via the Imer()
“summary” function. Given the large sample size, significance
levels were adjusted to 0.004, based on Good’s standardization
formula (27). Cohen’s d effect sizes were calculated using
the “effsize” package (28). Pairwise comparisons were
computed for significant interaction terms using the “emmeans”
package (29).

RESULTS

Descriptive statistics for PA categories in the 3h leading up to
sleep onset on weekdays and weekends are presented in Figure 1.
Participants mostly engaged in sedentary to light activity during
these hours, with the average duration of moderate-to-near
maximal PA ranging from 1.4 to 3.9min (SD = 0.6-2.1) per
30-min period. Thirty minutes or more of moderate-to-near
maximal PA during the 3 h before sleep onset were recorded in
12.4% of evenings. Inspection of weekday and weekend patterns
revealed a significant difference, with PA performed on 13.3%
and 10.2% of weekday and weekend evenings, respectively [x2(1)
= 275.02, p < 0.001]. As for the proportion of participants
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TABLE 1 | Zero-order Pearson correlations between weekday and weekend sleep metrics and duration of moderate to near-maximal physical activity in every 30-min

period in the 3 h before sleep onset.

Minutes of moderate to near maximal physical activity per 30-min period leading up to sleep onset

180-150 min 150-120 min 120-90 min 90-60 min 60-30 min 30 min-sleep onset
Weekdays Total sleep time —0.01 —0.01 —0.02 —0.03 —0.04** —0.01
Sleep Efficiency 0.00 0.00 —0.01 —0.03 0.00
Sleep onset —0.07*** -
Weekends Total sleep time —0.03 —0.03* —0.04** —0.04* —0.04** 0.00
Sleep efficiency —0.04" ~0.03 ~0.03 -0.03 ~0.01 oo
Sleep onset —0.06"* —0.05"* —0.08 0.01 —0.01
Sleep offset —0.07* —0.07** —0.06"* —0.01 0.01 —0.01

As in a heatmap, stronger correlations are highlighted by darker shades, with blue representing correlations smaller than the mean and red representing correlations greater than

the mean.
*o < 0.001, **p < 0.0001, **p < 0.00001.
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FIGURE 2 | Sleep timing, duration, and efficiency on weekday and weekend nights that were preceded by <30 vs. >30min of moderate to near maximal physical
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engaging in evening PA, 7425 participants (59%) had at least
one evening with >30min of moderate-to-near maximal PA
in the 3h leading up to sleep onset, 4,531 (35.8%) had >2
evenings, 2,781 (22.0%) had >3 evenings, 1,721 (13.6%) had >4

evenings, and 1,050 (8.3%) had >5 such evenings within the
2-week assessment period.

Correlations between sleep metrics and duration of evening
moderate-to-intense PA during weekdays and weekends are

Frontiers in Public Health | www.frontiersin.org 4

November 2021 | Volume 9 | Article 772376


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Kahn et al.

Evening Physical Activity and Sleep

presented in Table 1. Overall, associations were weak, and
ranged between negligible and very small. The latter represented
correlations between earlier sleep onset and offset times and more
PA in the hour ending 2h before sleep onset on weeknights.
Notably, correlations with sleep timing metrics were greater
for PA performed earlier in the evening compared to directly
before sleep onset. Finally, stronger correlations were found
between evening PA and sleep on weekday compared to weekend
evenings/nights. Yet, these correlations were still very weak
(maximum r = —0.16).

Linear mixed models testing whether sleep differed on nights
that were preceded with less compared to more than 30 min
of PA were computed for each sleep metric. Models yielded a
non-significant main effect of PA for sleep efficiency (¢ = 1.62,
p = 0.11), indicating that sleep efficiency was not associated with
evening PA. Sleep duration, on the other hand, was significantly
associated with evening PA (¢ = 6.20, p < 0.0001). On nights
following evenings in which participants engaged in 30 min or
more of moderate-intense PA, sleep duration was 3.4 min longer
on average (Cohen’s d = —0.01, CI 95% = —0.004-0.03). Main
effects were also indexed for sleep timing metrics. Sleep onset
time was 13.7 min earlier on average (Cohen’s d = 0.26, CI 95% =
0.24-0.27; t = —26.20, p < 0.0001), and sleep offset was 9.3 min
earlier (Cohen’s d = 0.25, CI 95% = 0.23-0.26; t = —17.19, p <
0.0001) when users had 30 min or more of moderate-intense PA
in the 3 h before bedtime (see Figure 2).

Whereas the link between PA and sleep efficiency was similar
for both weekdays and weekends (t = 1.32, p = 0.19), models
yielded significant PA-by-weekend interaction effects for sleep
duration (t = —7.98, p < 0.0001), sleep onset (t = 13.00, p <
0.0001), and sleep offset times (t = 3.66, p = 0.0002). Overall,
pairwise comparisons indexed greater differences in sleep as a
function of PA on weekdays compared to weekends. Specifically,
following > 30 min of moderate to intense PA participants slept
for longer durations on weekdays (Myifference = 5.7 min, SE = 0.6,
p < 0.0001), and shorter durations on weekends (M ifference =
—3.8min, SE = 1.0, p = 0.0003). Moreover, earlier sleep onset
was recorded on weekday nights that were preceded by > 30 min
of moderate to intense PA (Mifference = 17.3 min, SE = 0.6, p
< 0.0001), but not on weekend nights (Mifference = 2.6 min,
SE = 1.0, p = 0.01). Finally, earlier sleep offset was recorded
on both weekdays and weekends, yet the difference was greater
on weekdays compared to weekends (Myifference = 10.3 min,
SE = 0.6, p < 0.0001 vs. Myierence = 6.1min, SE = 1.0, p <
0.0001; respectively).

DISCUSSION

Traditional guidelines promoting healthy sleep hygiene have
discouraged evening physical activity. Such guidelines have been
voiced by professional healthcare organizations [e.g., (4)], and
are regularly echoed in colloquial sleep health information and
tips proposed in media outlets around the world [e.g., (30)].
Yet, existing evidence does not attest to a reliable association
between evening exercise and impaired sleep (11, 12). Utilizing
an objective big-data sample, the present study provides further

evidence for the lack of meaningful links between sleep duration
or quality and PA in the hours preceding sleep.

Our findings revealed negligible-to-weak associations between
sleep metrics and moderate-to-near maximal PA within the
3h leading to sleep onset. When adjusted for potentially
confounding variables, evening PA was not significantly linked
with sleep efficiency. Adjusted models did yield a significant
link between sleep duration and evening PA. However, engaging
in over 30 min of moderate to intense PA was followed by a
negligible 3.4 min of additional sleep on average. These findings
dovetail with the two latest meta-analyses of experimental studies
addressing this link. Stutz et al. (11) found that evening exercise
yielded non-significant pooled increases for both sleep efficiency
(4+0.13%) and sleep duration (+1.04 min), compared to a no-
exercise control condition. Kredlow et al.’s meta-analysis (12)
found that exercise had small beneficial effects on sleep efficiency
as well as on total sleep time, regardless of whether it was
performed >8, 3-8, or <3h before bedtime. Epidemiologic
studies using self-report measures have added to this literature,
in demonstrating a lack of connection between evening exercise
and impaired sleep (13, 31). Taken together with the results of
the present study, associations between evening PA and sleep
quality and quantity seem to range from null to positive, with
no indication of evening PA being associated with poorer or
shorter sleep.

The minor impact of evening PA on sleep duration may
be due to several underlying processes. First, the acute body-
heating during PA is typically followed by core temperature
downregulation in the subsequent few hours, which may facilitate
sleep (32). Second, in contrast to the theoretical notion of evening
PA hindering sleep by causing excessive arousal, PA has been
shown to have a regulating, anxiolytic effect, particularly in the
1-2h after exercising (33), which may promote sleep. Finally,
evening exercise may strengthen beneficial sleep associations,
by contrasting higher activity levels outside the bed with restful
inactivity within the bed, in line with the classical conditioning
rationale (34). These mechanistic processes may promote longer
sleep duration largely by decreasing SOL at the start of the night,
thus allowing more time for sleep. Whilst SOL was not assessed
in the present study, the lack of significant effect for SE implies
that a slight reduction in SOL might indeed have driven the small
extension in sleep duration following >30 min of evening PA.

As for sleep timing, our analyses revealed significantly earlier
sleep onset (—13.7 min) and offset (—9.3 min) times following
nights on which >30min of moderate-to-near maximal PA
was performed in the 3h before bedtime. The effects of
evening exercise on sleep timing have received considerably
less research attention relative to sleep duration and quality
metrics, and experimental studies have often included prescribed
sleep schedules, not allowing for assessment of naturalistic
sleep timing following PA. Still, investigations into the phase-
shifting potential of evening exercise as an internal zeitgeber
offer some insight on the effects that evening PA may have on
sleep timing. Several laboratory investigations have indicated
circadian phase delays after exercise performed in the hours
before bedtime (6, 35, 36). For example, Youngstedt et al. (6)
observed phase delays following exercise at 7 and 10 P.M.
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using multiple circadian markers, in both younger and older
women and men. Other studies, however, found that evening
PA had no effects (37), or circadian phase-advancing effects
(38). Given that circadian rhythms were not directly assessed in
the present study, it remains unclear whether phase-advancing
effects contributed to the earlier sleep timing found following
evening PA. Nevertheless, these advances in sleep timing were
small, and did not impact TST (e.g., a 13.7-min advanced sleep
onset did not equate to a 13.7-min increase in TST).

This study additionally found that links between evening PA
and sleep were weaker on weekends compared to weekdays.
Professional and educational commitments tend to be more
relaxed on weekends, allowing more time for PA throughout the
day (21). Accordingly, our results also indexed that engaging in
>30 min of moderate to intense PA in the 3 h before bed was less
frequent on weekends compared to weekdays.

Strengths and Limitations

This study had several strengths. It utilized objective assessment
of both PA and sleep, thus reducing reporting bias. As these
devices are regularly used by individuals for tracking their own
sleep and activity in naturalistic settings, they provide real-world
ecologically valid data, as opposed to data generated to conform
with external requirements, such as participation in research (15).
Finally, while the largest sample to date to examine the links
between evening PA and sleep used 1,000 participants at a single
timepoint, data in the present study were collected from 12,638
participants over a 2-week period, resulting in 153,154 analyzed
evenings and nights.

Despite these strengths, several limitations exist. First, this
study does not allow for conclusions about directionality or
causality. Research and policy in this area have mostly focused
on the potential negative effects of evening PA on subsequent
nighttime sleep. However, given the bi-directional links between
these behaviors (39), nighttime sleep may also impact on next
day evening PA. Moreover, given that this was an uncontrolled
study, users’ natural preferences were not accounted for. It may
be, for example, that individuals who have learned that their sleep
is impaired if they exercise in the evening- simply refrain from it.
Similarly, we could not account for the effects of other individual
characteristics, such as fitness levels, chronotypes, sleep disorders,
or other medical conditions. Furthermore, minutes of moderate
to near maximal PA may have been consecutive or sporadic
within the 3h before sleep onset, and data were not collected
regarding the type of activity performed, or the environmental
conditions (e.g., light and temperature) in which it was carried
out. These factors have been shown to moderate the PA-sleep
link in previous studies (11, 40), and thus adjusting for them
could have resulted in a more accurate and intricate account of
the associations between evening PA and nighttime sleep.

Finally, the generalizability of our findings may be limited
by selection bias, as users of wearable fitness tracker devices
may more likely engage in health promoting behaviors compared
to the general population. Nonetheless, the growing popularity
and pervasiveness of such devices suggests that their users do

not represent an outlier, but rather a population not far from
the norm. In fact, 13.6% of participants in our sample had 4
evenings or more of >30 min PA in the 3 h before bed within the
2-week assessment period. This rate coincides with prevalence
of regular evening moderate and vigorous exercisers (10.4 and
13.2%, respectively), found in a representative adult sample in the
USA (13).

CONCLUSIONS

While current official and colloquial recommendations suggest
that PA before bed impairs sleep (4), the present study
demonstrates that moderate to vigorous activity in the 3 h before
bed is unrelated to sleep quality, and related to slightly longer
sleep duration and earlier sleep timing. Given the numerous
beneficial effects of PA for health and well-being, and given
the challenge of fitting PA earlier in the day for many citizens
of modern societies, we argue that public health guidelines
should urgently be changed. Moreover, active attempts should
be pursued to amend the common misperception that evening
PA impairs sleep. While further research is warranted to inform
recommendations for specific populations and circumstances,
a clear message should be delivered to the general population,
stating that evening PA should no longer be avoided.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not openly available
given the need to preserve the privacy of participating
individuals. Requests to access the datasets should be directed
to kaisu.martinmaki@polar.com.

ETHICS STATEMENT

Ethical review and approval was not required for the study on
human participants in accordance with the local legislation and
institutional requirements. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

MK performed the literature review, planned the data
analysis, and drafted the manuscript. TK performed the
data analysis and revised the manuscript. LL performed data
extraction and revised the manuscript. KM was responsible for
project administration and revised the manuscript. LK, A-KP,
and MG conceptualized the study and revised the manuscript. All
authors substantially contributed to the study and approved the
submitted version.

FUNDING

This research received funding from Polar to cover the costs
of open access publishing. Polar also provided the data and
performed the statistical analysis for this study.

Frontiers in Public Health | www.frontiersin.org

November 2021 | Volume 9 | Article 772376


mailto:kaisu.martinmaki@polar.com
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Kahn et al.

Evening Physical Activity and Sleep

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Kahn M, Sheppes G, Sadeh A. Sleep and emotions:
bidirectional ~ links  and  underlying = mechanisms. Int ]
Psychophysiol. (2013)  89:218-28.  doi: 10.1016/j.ijpsycho.2013.
05.010

. Cappuccio FP, D’Elia L, Strazzullo P, Miller MA. Sleep duration and all-cause

mortality: a systematic review and meta-analysis of prospective studies. Sleep.
(2010) 33:585-92. doi: 10.1093/sleep/33.5.585

. Penedo FJ, Dahn JR. Exercise and well-being: a review of mental and physical

health benefits associated with physical activity. Curr Opin Psychiatry. (2005)
18:189-93. doi: 10.1097/00001504-200503000-00013

. American Sleep Association. Sleep Hygiene Tips. (2021). Available online

at: https://www.sleepassociation.org/about-sleep/sleep- hygiene-tips/
(accessed July 10, 2021).

. Hauri P. Effects of evening activity on early night sleep. Psychophysiology.

(1968) 4:267-77. doi: 10.1111/j.1469-8986.1968.tb02767.x

. Youngstedt SD, Elliott JA, Kripke DF. Human circadian phase-response

curves for exercise. J Physiol. (2019) 597:2253-68. doi: 10.1113/JP2
76943

. Zunft H-JE Friebe D, Seppelt B, Widhalm K, de Winter A-MR, de Almeida

MDYV, et al. Perceived benefits and barriers to physical activity in a nationally
representative sample in the European Union. Public Health Nutr. (1999)
2:153-60. doi: 10.1017/51368980099000208

. Oda S, Shirakawa K. Sleep onset is disrupted following pre-sleep exercise that

causes large physiological excitement at bedtime. Eur | Appl Physiol. (2014)
114:1789-99. doi: 10.1007/s00421-014-2873-2

. Miller D, Sargent C, Roach G, Scanlan A, Vincent G, Lastella M. Moderate-

intensity exercise performed in the evening does not impair sleep in
healthy males. Eur J Sport Sci. (2020) 20:80-9. doi: 10.1080/17461391.2019.16
11934

Seol ], Fujii Y, Inoue T, Kitano N, Tsunoda K, Okura T. Effects of
morning versus evening home-based exercise on subjective and objective
sleep parameters in older adults: a randomized controlled trial. ]
Geriatric Psychiatry Neurol. (2021) 34:232-42. doi: 10.1177/08919887209
24709

Stutz J, Eiholzer R, Spengler CM. Effects of evening exercise on sleep in
healthy participants: a systematic review and meta-analysis. Sports Med.
(2019) 49:269-87. doi: 10.1007/s40279-018-1015-0

Kredlow MA, Capozzoli MC, Hearon BA, Calkins AW, Otto MW. The effects
of physical activity on sleep: a meta-analytic review. ] Behav Med. (2015)
38:427-49. doi: 10.1007/s10865-015-9617-6

Buman MP, Phillips BA, Youngstedt SD, Kline CE, Hirshkowitz M. Does
nighttime exercise really disturb sleep? Results from the 2013 national
sleep foundation sleep in America Poll. Sleep Med. (2014) 15:755-61.
doi: 10.1016/j.sleep.2014.01.008

Stone AA, Shiffman S. Capturing momentary, self-report data: A
proposal for reporting guidelines. Ann Behav Med. (2002) 24:236-43.
doi: 10.1207/S15324796 ABM2403_09

Kuula L, Gradisar M, Martinméki K, Richardson C, Bonnar D, Bartel K,
et al. Using big data to explore worldwide trends in objective sleep in the
transition to adulthood. Sleep Med. (2019) 62:69-76. doi: 10.1016/j.sleep.2019.
07.024

Redline S, Dean III D, Sanders MH. Entering the era of “big data”: getting our
metrics right. Sleep. (2013) 36:465-9. doi: 10.5665/sleep.2524

Liu X, Tamminen S, Korhonen T, Réning J, Riekki J. Prediction of sleep
efficiency from big physical exercise data. In Adjunct Proceedings of the 2019
ACM International Joint Conference on Pervasive and Ubiquitous Computing
and Proceedings of the 2019. ACM International Symposium on Wearable
Computers (2019). doi: 10.1145/3341162.3347078

Wittmann M, Dinich J, Merrow M, Roenneberg T. Social jetlag: misalignment
of biological and social time. Chronobiol Int. (2006) 23:497-509.
doi: 10.1080/07420520500545979

Putilov AA, Sveshnikov DS, Bakaeva ZB, Yakunina EB, Starshinov YP,
Torshin VI, et al. Differences between male and female University students
in sleepiness, weekday sleep loss, and weekend sleep duration. J Adolescence.
(2021) 88:84-96. doi: 10.1016/j.adolescence.2021.02.006

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Vitale JA, Roveda E, Montaruli A, Galasso L, Weydahl A, Caumo A, et al.
Chronotype influences activity circadian rhythm and sleep: differences in
sleep quality between weekdays and weekend. Chronobiol Int. (2015) 32:405-
15. doi: 10.3109/07420528.2014.986273

O’Donovan G, Sarmiento OL, Hamer M. The rise of the “weekend
warrior”. ] Orthop Sports Phys Ther. (2018) 48:604-6. doi: 10.2519/jospt.201
8.0611

Chung SJ, An H, Suh S. What do people do before going to bed? A study
of bedtime procrastination using time use surveys. Sleep. (2020) 43:2s2267.
doi: 10.1093/sleep/zsz267

Pesonen A-K, Kuula L. The validity of a new consumer-targeted
wrist device in sleep measurement: an overnight comparison against
polysomnography in children and adolescents. J Clin Sleep Med. (2018)
14:585-91. doi: 10.5664/jcsm.7050

Gilgen-Ammann R, Schweizer T, Wyss T. Accuracy of the multisensory
wristwatch polar vantage’s estimation of energy expenditure in various
activities: instrument validation study. JMIR mHealth and uHealth. (2019)
7:¢14534. doi: 10.2196/14534

Garber CE, Blissmer B, Deschenes MR, Franklin BA, Lamonte M]J, Lee I-
M, et al. Quantity and quality of exercise for developing and maintaining
cardiorespiratory, musculoskeletal, and neuromotor fitness in apparently
healthy adults: guidance for prescribing exercise. Med Sci Sports Exerc. (2011)
43:1334-59. doi: 10.1249/MSS.0b013e318213fefb

Bates D, Maechler M, Bolker B, Walker S, Christensen RHB, Singmann H,
et al. Package 'lme4’. Version. (2018) 1:17.

Good I. Cl140. Standardized tail-area prosabilities. ] Statistical
Comput  Simulation.  (1982)  16:65-6. doi:  10.1080/009496582088
10607

Torchiano M. AEffsize: Efficient Effect Size Computation. R package version
0.6.2. Available online at: http://CRAN.R-project.org/package=effsize (2016).
Lenth R, Lenth MR. Package ’lsmeans’. Am Statistician. (2018) 34:216-221.
Available online at: https://cran.r-project.org/

Sissons B. What Is Good Sleep Hygiene? Definition and Checklist.
(2020). Available online at: https://www.medicalnewstoday.com/articles/
sleep-hygiene (accessed July 25, 2021).

Vuori I, Urponen H, Hasan J, Partinen M. Epidemiology of exercise effects on
sleep. Acta Physiol Scand Suppl. (1988) 574:3-7.

Gilbert SS, van den Heuvel CJ, Ferguson SA, Dawson D. Thermoregulation
as a sleep signalling system. Sleep Med Rev. (2004) 8:81-93.
doi: 10.1016/S1087-0792(03)00023-6

Morgan WP. Affective beneficence of vigorous physical activity. Med
Sci Sports Exerc. (1985) 17:174-9. doi: 10.1249/00005768-198502000-
00015

Youngstedt SD, Ito W, Passos GS, Santana MG, Youngstedt JM. Testing the
sleep hygiene recommendation against nighttime exercise. Sleep Breathing.
(2021) 2021:1-8. doi: 10.1007/s11325-020-02284-x

Van Reeth O, Sturis ], Byrne MM, Blackman JD, LHermite-Baleriaux
M, LeProult R, et al. Nocturnal exercise phase delays circadian rhythms
of melatonin and thyrotropin secretion in normal men. Am ] Physiol
Endocrinol Metabolism. (1994) 266:E964-74. doi: 10.1152/ajpendo.1994.266.
6.E964

Edwards B, Waterhouse ], Atkinson G, Reilly T. Exercise does not necessarily
influence the phase of the circadian rhythm in temperature in healthy humans.
J Sports Sci. (2002) 20:725-32. doi: 10.1080/026404102320219437

Thomas JM, Kern PA, Bush HM, McQuerry KJ, Black WS, Clasey JL, et al.
Circadian rhythm phase shifts caused by timed exercise vary with chronotype.
JCI insight. (2020) 5:134270. doi: 10.1172/jci.insight.134270

Buxton OM, Lee CW, LHermite-Balériaux M, Turek FW, Van Cauter E.
Exercise elicits phase shifts and acute alterations of melatonin that vary with
circadian phase. Am ] Physiol Regulatory Integrat Compar Physiol. (2003)
284:R714-24. doi: 10.1152/ajpregu.00355.2002

Chennaoui M, Arnal PJ, Sauvet F, Léger D. Sleep and exercise: a reciprocal
issue? Sleep Med Rev. (2015) 20:59-72. doi: 10.1016/j.smrv.2014.06.008
Glavin EE, Ceneus M, Chanowitz M, Kantilierakis J, Mendelow E, Mosquera
J, et al. Relationships between sleep, exercise timing, and chronotype in
young adults. ] Health Psychol. (2020) 26:2636-47. doi: 10.1177/13591053209
26530

Frontiers in Public Health | www.frontiersin.org

November 2021 | Volume 9 | Article 772376


https://doi.org/10.1016/j.ijpsycho.2013.05.010
https://doi.org/10.1093/sleep/33.5.585
https://doi.org/10.1097/00001504-200503000-00013
https://www.sleepassociation.org/about-sleep/sleep-hygiene-tips/
https://doi.org/10.1111/j.1469-8986.1968.tb02767.x
https://doi.org/10.1113/JP276943
https://doi.org/10.1017/S1368980099000208
https://doi.org/10.1007/s00421-014-2873-2
https://doi.org/10.1080/17461391.2019.1611934
https://doi.org/10.1177/0891988720924709
https://doi.org/10.1007/s40279-018-1015-0
https://doi.org/10.1007/s10865-015-9617-6
https://doi.org/10.1016/j.sleep.2014.01.008
https://doi.org/10.1207/S15324796ABM2403_09
https://doi.org/10.1016/j.sleep.2019.07.024
https://doi.org/10.5665/sleep.2524
https://doi.org/10.1145/3341162.3347078
https://doi.org/10.1080/07420520500545979
https://doi.org/10.1016/j.adolescence.2021.02.006
https://doi.org/10.3109/07420528.2014.986273
https://doi.org/10.2519/jospt.2018.0611
https://doi.org/10.1093/sleep/zsz267
https://doi.org/10.5664/jcsm.7050
https://doi.org/10.2196/14534
https://doi.org/10.1249/MSS.0b013e318213fefb
https://doi.org/10.1080/00949658208810607
http://CRAN.R-project.org/package=effsize
https://cran.r-project.org/
https://www.medicalnewstoday.com/articles/sleep-hygiene
https://www.medicalnewstoday.com/articles/sleep-hygiene
https://doi.org/10.1016/S1087-0792(03)00023-6
https://doi.org/10.1249/00005768-198502000-00015
https://doi.org/10.1007/s11325-020-02284-x
https://doi.org/10.1152/ajpendo.1994.266.6.E964
https://doi.org/10.1080/026404102320219437
https://doi.org/10.1172/jci.insight.134270
https://doi.org/10.1152/ajpregu.00355.2002
https://doi.org/10.1016/j.smrv.2014.06.008
https://doi.org/10.1177/1359105320926530
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Kahn et al.

Evening Physical Activity and Sleep

Conflict of Interest: TK, LL, and KM were employees of Polar at the time of data
collection and analysis.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Kahn, Korhonen, Leinonen, Martinmaki, Kuula, Pesonen and
Gradisar. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Public Health | www.frontiersin.org

November 2021 | Volume 9 | Article 772376


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	Is It Time We Stop Discouraging Evening Physical Activity? New Real-World Evidence From 150,000 Nights
	Introduction
	Materials and Methods
	Participants and Procedures
	Measures
	Data Analysis Plan

	Results
	Discussion
	Strengths and Limitations

	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


